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Abstract 
A major percentage of the kinematic energy during the grinding process is converted into heat. The energy conversion is significantly influ-
enced by the grinding wheel topography. Therefore the distribution and the shape of the cutting edges have to be considered in order to give a 
general model of energy conversion in grinding. This paper introduces an approach to describe and characterize the cutting edges of a grinding 
wheel topography, taking the elasto-plastic material behavior of the workpiece into account. Finally, based on experimental results the influ-
ence of the grinding wheel topography on energy conversion is shown using the presented model. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
In the machining of a variety of components the grinding 
process stays at the end of the process chain. During grinding 
most of the applied energy is converted into heat. The result-
ing temperature has a significant influence on the process 
results [1]. Thus, a precise knowledge of the resulting energy 
conversion in the process is necessary for an application-
oriented design and optimization of grinding processes. 
In the past the energy conversion in grinding processes was 
investigated in numerous scientific studies and the findings 
were transferred into a variety of models. Basically, the exist-
ing approaches are related to pure kinematic-empirical rela-
tionships [1] or attributed to the modelling approaches of 
Shaw or Malkin [2,3]. For the last model approach, Ghosh 
and Singh have presented the most detailed model up to now 
[4,5]. The influence of the shape of the cutting edges on the 
energy conversion is considered, if at all, by one-dimensional, 
often averaged, parameters such as the rake angle [6,7,8] or 
the cutting edge radius [9]. The statistical grain distribution of 
a grinding wheel topography is only considered in a few 
works through significantly simplified modelling approaches 
[10,11]. 
Thus, there is no direct consideration of the grinding wheel 
topography in the existing models. Consequently, the distribu-
tion and the shape of the cutting edges are neglected. As a 
result, the existing models are only valid for a grinding wheel 
in its present topography state. If the grinding wheel topogra-
phy changes by a dressing process, wear or a change of the 
grinding wheel specification, a new parameterization of the 
energy model by means of empirical studies is necessary. 
In order to give a general modeling of energy conversion in 
grinding processes, the grinding wheel topography engaging 
with the workpiece has to be considered. This paper presents a 
kinematic-geometric engagement model, which allows deter-
mining and geometrical analyzing the shape of the cutting 
edges of a measured topography. Furthermore, based on ex-
perimental results, the influence of the cutting edges’ shape 
on the energy conversion is shown and discussed using the 
developed model. 
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2. Kinematic-geometric engagement model 
The developed kinematic-geometric engagement model de-
termines and geometrical analyses the shape of the cutting 
edges of a grinding wheel topography. 
First, the measurement procedure of the grinding wheel to-
pographies is introduced. Since the developed approach uses 
an iterative calculation approach first the cutting edge charac-
teristics as well as their calculation using the topography 
measurement plots is presented. Based on this, the developed 
kinematic-geometric engagement model is described, which 
identifies the kinematic cutting edges taking the elasto-plastic 
material behavior of the workpiece into account. Finally, the 
experimental results of three investigated single-layered, elec-
troplated CBN grinding wheels are presented and discussed. 
2.1. Measurement of the grinding wheel topography 
The measurement of the grinding wheel topographies were 
carried out with the laser-scanning microscope VK-X110 
from the company Keyence. The optical scans of the topogra-
phies had a lateral resolution of app. 1 µm and a resolution in 
height of app. 0.005 µm. The measuring range of a single scan 
was limited to an area of 1 mm x 1 mm. The measurement of 
a bigger surface area was achieved by merging multiple scans 
using an implemented stitching-algorithm of the measurement 
software. The total measuring range of the investigated grind-
ing wheel topographies were chosen so that the distribution of 
the grain shape characteristics reached a quasi-stationary 
state. For this purpose measurement plots of different length 
and width were analyzed. The results showed that a common 
measuring range of Lmeas = 7.5 mm and Bmeas = 3.5 mm is 
suitable to represent the investigated grinding wheel topogra-
phies. Since the identification of the kinematic cutting edges 
is based on kinematic-geometric engagement model devel-
oped by Weiß [12] a cut off area ASA = 10.5 mm², correspond-
ing to a cut off length lSA = 3 mm, was defined at the front of 
the measurement plots in order to avoid distortion of the anal-
ysis results. Within this area the kinematic cutting edges are 
determined, but neglected for the analysis of the cutting edg-
es. More and detailed information to this can be found in [12]. 
2.2. Analysis of the cutting edges 
The analysis of the cutting edges is based on the grain 
shape characteristics opening angle α (horizontal in scratching 
direction), apex angle β (transversal to the scratching direc-
tion), rake angle γ and wedge angle δ (both in scratching di-
rection) introduced by Rasim in [13], see Fig. 1. 
In order to determine these grain shape characteristics of a 
single cutting edge, first its highest data point is identified 
(z-axis), representing the tip of the cutting edge. Subsequent-
ly, all data points of the cutting edge are identified, which are 
located in the same data line of the cutting edge tip in grind-
ing direction (x-axis; Fig. 1 top-right) and crosswise (y-axis; 
Fig. 1 top-left). In the next step regression lines are deter-
mined starting from the tip of the cutting edge through the 
identified points, so that the apex angle β, the rake angle γ and 
the wedge angle δ are given by calculating the angle of inter-
section between the regression lines in x- and y-direction. 
 
Fig. 1. Schematic illustration of the grain shape characteristics 
To calculate the opening angle α first a sectional plane is 
shifted by the half of the maximum chip thickness hcu,max in 
normal direction below the tip of the cutting edge. Secondly, 
all intersection points of the cutting edge with the sectional 
plane are calculated. If a data line in x-direction has more than 
one intersection point, only the first intersection point in 
grinding direction is considered for the further calculations of 
the opening angle α. The maximum chip thickness hcu,max of a 
cutting edge is calculated from the maximum height distance 
between the tip and all data points lateral to the tip. At the 
next step, again two regression lines are determined starting 
from the foremost point of intersection through the other cal-
culated intersection points. The opening angle α results analo-
gously from the angle of intersection of the two regression 
lines. 
2.3. Identification of kinematic cutting edges 
The identification of the kinematic cutting edges of a topogra-
phy measurement plot is based on kinematic-geometric en-
gagement model developed by Weiß [12]. In his model the 
kinematic cutting edges are determined by using the limiting 
angle of cutting edge offset εlim, defined by Kassen and Wer-
ner, as geometric boundary condition of engagement [14,15]. 
The limiting angle of cutting edge offset εlim describes the 
kinematic shadowing effect of protruding abrasive grains on 
following grains as a function of the process parameters 
workpiece speed vw, grinding wheel circumferential speed vs, 
depth of cut ae and grinding wheel diameter ds and is given by 
s
e
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The procedure of the identification of the cutting edges ac-
cording to the model of Weiß is schematically shown in 
Fig. 2. As the figure illustrates, first within each data line in 
grinding direction all topography data points are identified, 
that fulfill the geometric boundary condition of engagement 
defined by the limiting angle of cutting edge offset εlim. After 
the identification of all data points that engage with the work-
piece (kinematic data points), the resulting kinematic cutting 
edges are determined by grouping coherent kinematic data 
points to contiguous areas. 
Hence, the model by Weiß identifies the cutting edges 
strictly using the limiting angle of cutting edge offset for 
engagement condition, only the influence of the process pa-
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rameters vw, vs and ae is considered. Thus an ideally-plastic 
workpiece material behaveior is presupposed. Elastic and 
plastic material deformations of the workpiece are neglected. 
Since the elastically deformed material springs back behind 
the cutting edge the actual machined material volume is 
smaller than that with an ideally-plastic material behavior. 
Consequently, taking elastic material deformations into ac-
count, the real shadowing effect of a grain is smaller than the 
kinematic shadowing effect. 
 
Fig. 2. Schematic illustration of the identification of cutting edges by Weiß 
In addition to this, plastically deformed lateral elevations 
arise during the engagement of a grain with the workpiece 
(bulging). This causes that subsequent laterally offset grains 
penetrate stronger into the workpiece and thus the real shad-
owing effect is also decreased. 
In order to better represent the material behavior of the 
workpiece, the kinematic-geometric engagement model by 
Weiß has been extended by the implementation of an elasto-
plastic height offset Δhelpl. The elasto-plastic height offset 
Δhelpl reduces the kinematic shadowing effect by shifting the 
starting point of kinematic-geometric engagement boundary 
condition. Its functioning is schematically shown in Fig. 3. 
 
Fig. 3. Identification procedure of cutting edges with and without elasto-
plastic higth offset Δhelpl 
The elasto-plastic height offset Δhelpl consists of an elastic 
height offset Δhel, taking the elastic material deformation of 
the workpiece into account, and a plastic height offset Δhpl, 
representing the impact of bulging. 
plelelpl ΔhΔhΔh   (2) 
The elastic height offset Δhel corresponds to the specific 
plastic deformation depth Tpl, which is defined as the depth of 
cut when plastic deformations occur [13]. 
plel TΔh   (3) 
The specific plastic deformation depth Tpl is determined 
according to the empirical approach in [13].  
constScvcδβpl cScvcδcβcT   (4) 
Within this equation the variable S describes the state of 
lubrication and can take values of S = 0 (no lubrication) and 
S = 1 (lubrication). The coefficients ci are listed in the left 
column of Table 1 and have been experimentally examined by 
Rasim in [13] for a bearing steel 100Cr6 with a hardness of 
60±1 HRC. 
Table 1. Experimentally examined coefficients for Tpl and fab 
Coefficient Plastic Cutting Depth Tpl Relative Chip Volume fab 
cα --- 0.000177 
cβ 0.000952 -0.000214 
cγ --- -0.000096 
cδ 0.000963 --- 
cvc 0.00261 0.00141 
cS 0.00328 0.00426 
cconst -0.0851 0.9712 
The plastically deformed elevations only occur beside the 
path of grain engagement and have an irregular height profile. 
For this reason the resulting reduction of the kinematic shad-
owing effect cannot be directly calculated from the elevations 
heights. Therefore the impact of plastically deformed lateral 
elevations has been approximated by an equivalent plastic 
height offset Δhpl,eq, which represents the mean elevation 
height averaged over the effective grinding wheel width bs,eff. 
 
Fig. 4. Equivalent plastic height offset Δhpl,eq due to lateral elevations 
In this context it is assumed, that the ratio of the elevations 
cross section area (A1 + A2) to the cross section area of the 
scratch path As complies with the ratio of the mean elevations 
height Δhpl,eq to the mean maximum chip thickness maxcu,h of 
all cutting edges. Since the ratio of the elevations cross sec-
tion area (A1 + A2) to the cross section area of the scratch path 
As is given by the relative chip volume fab, the mean eleva-
tions height Δhpl,eq can be determined in the context of 
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The relative chip volume fab can be defined based on find-
ings in [16,17] or analogously to Eq. 4 by an empirical ap-
proach using the single grain scratching method by Rasim. 
The latter method was used in this publication, leading to 
Eq. 6 [18]. The coefficients ci, experimental examined for 
bearing steel 100Cr6 with a hardness of 60±1 HRC, are listed 
in right column of Table 1.  
constScvcγβαab cScvcγcβcαcf   (6) 
As the shape of the elevations is not known and thus it 
cannot be clearly assigned which grain comes into engage-
ment with the elevations of a leading grain, the elasto-plastic 
height offset and its influence on the kinematic shadowing 
effect cannot be determined for each grain. Therefore, an 
averaged elasto-plastic height offset elplh' is used for the 
total topography analysis. It is calculated by the average plas-
tic cutting depth plT  and the mean relative chip volume abf  
of all cutting edges. 
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)f(1hTΔhTΔh abmaxcu,pleqpl,plelpl    (7) 
Eq. 4 and 6 show, that the grain shape characteristics of the 
cutting edges are used for identifying the cutting edges. Since 
the grain shape characteristics themselves depend on the iden-
tified cutting edges, an iterative procedure was chosen. First-
ly, the cutting edges are determined without elasto-plastic 
height offset. Subsequently, the grain shape characteristics are 
analyzed. Based on the determined grain shape characteristics 
the averaged elasto-plastic height offset is calculated. Finally 
the identification of the cutting edges with elasto-plastic 
height offset is performed. 
The described procedure is based on the assumption that 
additional engaging grains, which appear due to the reduction 
of shadowing by the elasto-plastic height offset, create no 
further plastic elevations, since an already elevated workpiece 
material has a reduced deformability due to hardening pro-
cesses and therefore shears directly. Consequently, the addi-
tional engaging grains have no influence on the elasto-plastic 
height offset, so that a topography analysis, run with one 
height offset iteration-loop, already leads to stable results. 
3.  Results and Discussion 
In order to analyze the grinding wheel topography with the 
elasto-plastic grain engagement model, three single-layered, 
electroplated CBN grinding wheels were investigated with the 
same process parameters. The variation of the grinding wheel 
was performed on the mean grain size (151 µm/213 µm) and 
the grain type (ABN300/ABN900 from Element Six), see 
Table 2. 
Table 2. Variation of the investigated CBN grinding wheel 
Grain Specification Grain Type Dimension ds x bs 
B213 ABN900 400 mm x 15 mm 
B213 ABN300 400 mm x 15 mm 
B151 ABN300 400 mm x 15 mm 
The experimental grinding investigations were carried out 
with process parameter combinations that vary relating to the 
cutting speed vc and to the limiting angle of cutting edge off-
set εlim. The cutting speed vc was varied in the range of 
10-60 m/s. The speed ratio was at q > 2000 for all investiga-
tions, so that the cutting speed vc and circumferential grinding 
wheel speed vs were taken equal. Through this the limiting 
angle of cutting edge offset εlim could be kept constant at the 
variation of cutting speed vc on appropriate choice of constant 
speed ratio q. The variation of the limiting angle of cutting 
edge offset εlim at constant cutting speed vc was performed by 
a variation of the specific material removal rate Q’w in the 
range of 5-30 mm3/mms and a depth of cut ae of 1 mm and 
2 mm. The used plan of investigation is summarized in Fig. 5. 
 
Fig. 5. Investigated process parameters 
In order to draw conclusions from the grinding wheel to-
pography analysis to the energy conversion in grinding, at all 
investigation points the process force on the workpiece, local-
ly dissolved along the contact length, was measured using the 
developed setup by Duscha [19]. 
To establish comparability between the topography analy-
sis results the grain shape characteristics α, β and γ as well as 
the maximum chip thickness hcu,max of the cutting edges have 
been binned into equidistant classes and the relative frequency 
for each class has been calculated. 
Fig. 6 shows the comparison of the topography analysis re-
sult of the two investigated grinding wheels with different 
grain types (ABN300 vs. ABN900), same mean grain size 
(B213) at the same process parameter combination. The num-
ber of the kinematic cutting edges Nkin of both grinding wheel 
topographies correlates with the identified values by Weiß for 
vitrified CBN grinding wheels [12]. Also Yegenoglu deter-
mined values for the number of kinematic cutting edges of 
this scale in his findings in [20]. As the figure shows, the 
variation of grain type led only to minor differences in the 
number of kinematic cutting edges Nkin. In contrast to this, the 
influence of the grain type on the frequency distributions of 
the grain shape characteristics is obviously. In particular, the 
rake angle and the apex angle frequency distributions of the 
grinding wheel with grain type ABN900 have a more equal 
distribution compared to the distributions of the grinding 
wheel with grain type ABN300. This is due to the greater 
variation of the grain morphology of ABN900. 
 
Fig. 6. Influence of the grain type on the grain shape characteristics 
Fig. 7 illustrates the results of the topography analysis of 
the two investigated grinding wheels with different mean 
grain size (B151 vs. B213) and the same grain type 
(ABN300). The smaller grain size led to a greater number of 
kinematic cutting edges and to smaller maximum chip thick-
nesses. The grain size had no significant influence on the 
distributions of grain shape characteristics. Due to the same 
process parameter combination and thus the same limiting 
angle of cutting edge off set εlim, the results confirm, that the 
grain morphology of both grinding wheel variants were the 
same and independent of the grain size. 
Fig. 8 shows the experimentally determined tangential 
force curves of the three investigated grinding wheel varia-
tions at same process parameter combination. The grinding 
wheel variant with grain type ABN900 and a mean grain size  
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Fig. 7. Influence of the grain size on the grain shape characteristics 
of 213 µm shows the lowest tangential force curve. This can 
be attributed to the differences in the probability distributions 
of the grain shape characteristics which results from larger 
variance of the grain morphology (see Fig. 6). In particular, 
the smaller negative rake angles of grain type ABN900 com-
pared to ABN300 led to an earlier occurrence of plastic de-
formations and chip formation [13], to smaller normal grain 
contact surfaces and thus less energy was converted. The 
grinding wheel variant with grain type ABN300 and a mean 
grain size of 151 µm led to the curve with the highest tangen-
tial forces. As shown in Fig. 7 grinding wheels with same 
grain type at the same process parameter combination led to 
similar distributions of the grain shape characteristics and 
maximum chip thickness. Thus, the higher forces result due to 
a higher number of kinematic cutting edges. 
 
Fig. 8. Comparison of tangential force curves with varying grinding wheels 
The comparison of the tangential force curves of all three 
grinding wheels variants shows, that at the present process 
parameter combination the shape of the cutting edges has a 
significantly stronger impact on the energy conversion than 
the number of kinematic cutting edges Nkin.  
Overall, the results show that the influence of the grinding 
wheel topography on the energy conversion can be registered 
qualitatively by the developed kinematic-geometric engage-
ment model. Thus, the presented approach of the geometric 
characterization of grinding wheel topographies can be used 
to find new or to improve existing modelling approaches of 
energy conversion in grinding.  
In further investigations an energy model will be devel-
oped, which determines the energy conversion during the 
single-grain cut in dependency of the grain shape characteris-
tics. This model will be transferred from the energy conver-
sion of the single-grain cut to the multi-grain cut of a grinding 
wheel using analysis results of the presented kinematic-
geometric engagement model. 
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